The eutectic Sn-Zn-Al solder alloy was used ] to investigate the intermetallic compounds (IMCs) formed between solder and a Cu substrate. Scanning electron microscope, transmission electron microscope, and electron diffraction analysis were used to study the IMCs between solder and a Cu substrate. The ␥-Cu 5 Zn 8 and ␥Ј-Cu 9 Al 4 IMCs were found at the Sn-Zn-Al/Cu interface. Thermodynamic calculation can explain the formation of ␥-Cu 5 Zn 8 and ␥Ј-Cu 9 Al 4 IMCs instead of Cu-Sn compounds. The formation and growth of ␥Ј-Cu 9 Al 4 IMC at 423 K resulted in the decrease of adhesion strength at the interface of solder and a Cu substrate, where the Kirkendall voids were severely formed. As the heating time increased up to 1000 h at 423 K, the adhesion strength between the eutectic Sn-Zn-Al solder and a Cu substrate decreased from 7.6 ± 0.7 MPa to 4.4 ± 0.8 MPa.
I. INTRODUCTION
For electronic parts or devices, solder joints provide electrical conductivity as well as suitable mechanical strength. 1 Although a lot of solder alloys can be chosen, lead-tin (Pn-Sn) solder is the most prominent joining material for the interconnection and packaging of modern electronics because of its unique combination of low cost and convenient material properties. 2, 3 However, it was found that when Pb metal or its compounds are inhaled, the toxicity is harmful for health. The use of Pb alloys will be prohibited, [4] [5] [6] [7] which will result in emergent research in using lead-free solders as substitutes for the Pb-Sn system in the electronic industry. Besides, the advent of surface-mount technology clearly illustrates the limitations of tin-lead solder technology. 8 The nontoxic binary Pb-free solder close to the eutectic temperature of Pb-Sn alloy is the 91Sn-9Zn alloy, 2 with a melting temperature of 471 K. The Sn-Zn alloy has excellent mechanical properties but is susceptible to oxidation and corrosion. Al has been incorporated with Zn to enhance the atmospheric corrosion resistance of the conventional galvanizing coating for steel. The Zn-5Al and 55Al-Zn coatings are the most commonly commercialized Al-Zn series of coatings such as GALFAN and GALVALUME. The addition of Al to the Sn-Zn solder is kept at low levels to keep the melting point as low as possible. Al added may form solid solutions with Zn and Sn and has an eutectic point of 470 K as reported by Sebaoun et al, 9 who discussed the diffusion paths of various Sn-Zn-Al systems at various isotherms. In addition to Al, certain transition metals such as Cr, Ti, and Zr may assist in improving the oxidation or corrosion resistance of the alloys in view of the active passivation behaviors of these elements. Nevertheless, these elements have high melting points and do not form low melting eutectic alloys with Sn and Zn, and thus are excluded from consideration as Pb substitutes. Consequently, eutectic 91Sn-9(5Al-Zn) alloy, with melting temperature 470 K, was used as the solder system in this study.
Reliability losses in many electronic systems were identified with the failure of solder joints rather than device malfunctions. 8 Therefore, the adhesion strength is an important factor for assessing the properties of the solder joints. In this work, a pull-off tester 10 was used to investigate the adhesion strength at the interface between the eutectic Sn-Zn-Al solder and a Cu substrate.
The reaction between the molten or solid solder and substrate is very important because it plays a major role in determining the microstructure and strength of the solder joint.
11 Cu 3 Sn and Cu 6 Sn 5 were found in most in-based solder with a Cu substrate. 8, [12] [13] [14] [15] However, Suganuma et al. 16 found ␥-Cu 5 Zn 8 , ␤Ј-CuZn and an unknown layer at the interface of Sn-Zn alloys and a Cu substrate. The intermetallic compound (IMC) formed at the interface between the eutectic Sn-Zn-Al solder and Cu substrate was investigated by transmission electron microscopy (TEM) in this study.
II. EXPERIMENTAL PROCEDURES

A. Sample preparation
The substrate, Cu plate (about 99.9% pure), approximately 65 × 20 × 2.5 mm, was degreased in an alkaline solution of NaOH (5 wt%) for 15 s, followed by rinsing in deionized (DI) water for 10 s. Then the Cu substrate was pickled in the HCl solution (5 vol%) for 10 s, followed by rinsing in DI water again. The substrate was dipped in the dimethylammonium chloride (DMAHCl) flux (2.5 g DMAHCl/100 cc C 2 H 5 OH) for 10 s after the pretreatment above. After being fluxed, the sample was immersed into the eutectic Sn-Zn-Al solder bath at 573 K, since the adhesion strength of eutectic Sn-Zn-Al dipped at 573 K was a little higher than that dipped at 523 K, 17 as shown in Fig. 1 , for 5 s. Parts of samples were aged at 423 K for 100, 250, 500, and 1000 h in air in a furnace capable of maintaining the temperature to ± 3 K.
B. Adhesion strength measurement
The adhesion strength was measured with a pull-off tester as shown in Fig. 2 . The surface of samples was ground by No. 1500 sand paper for smoothing the surface of hot-dipped solder layer and while the thickness of solder layer was 10 m, and then cleaned in acetone solution. After that, the smooth surface of these samples was adhered to an aluminum stud with epoxy on it, followed by curing at 423 K for 1 h. The diameter of the studs was 6.69 mm. The force was loaded on the stud at a load speed of 9.06 kgf/s for the pull-off test. The apparatus would stop applying forces automatically when the stud was separated from the sample. The adhesion strength, ratio of the fracture force divided by the area of stud, was calculated by a computer automatically. Ten samples were measured for each condition used.
C. Microstructure analysis
The samples were cross-sectioned and the segment was mounted and prepared for metallographic analysis. The microstructure was observed by scanning electron microscopy (SEM) and TEM, and electron diffraction (ED) was used to examine the IMC phases. Figure 3 shows the cross-sectional SEM micrographs of samples (a) as-dipped and (b) heated at 423 K for 1000 h. The IMC was observed at the interface of solder and a Cu substrate. Comparing Figs. 3(a) and 3(b) , the ␥-Cu 5 Zn 8 IMC layer of the sample heated at 423 K for 1000 h shown in Fig. 3(b) was thicker than in Fig. 3(a) . Besides, the growth of ␥-Cu 5 Zn 8 IMC phase was observed, which results in larger scallop-shaped IMC grains shown in Fig. 3(b) . The cracks due to Kirkendall void connection were found at the interface between Cu 5 Zn 8 and Sn-Zn-Al solder as shown in Fig. 3 . Especially after heating at 423 K for 1000 h, cracks from the connection of Kirkendall voids were more obvious between Cu 5 Zn 8 and a Cu substrate. Figure 4 shows the TEM photomicrograph and ED patterns of the interface region of the as-dipped sample. The IMC was identified as ␥-Cu 5 Zn 8 from the analysis of the energy dispersive x-ray spectrometer (EDS). The ED patterns with zone axis at Figs. 4(b) [111] , 4(c) [110] , and 4(d) [113] indicate the ordered body-centered-cubic (bcc) (D8 2 ) prototype structure with space group 143m. Figure 5 shows the TEM images and selected-area electron diffraction (SAED) patterns of the sample heated at 423 K for 1000 h. The bright-field image of ␥Ј-Cu 9 Al 4 / ␥-Cu 5 Zn 8 interface was observed as shown in Fig. 5(a) . After heating at 423 K for 1000 h, the ␥Ј-Cu 9 Al 4 IMC was formed at the Cu and ␥-Cu 5 Zn 8 interface. This indicates that the heat treatment enhances the Al enrichment 17 those show the ordered bcc(D8 3 ) prototype structure with space group P43m. The EDS analyses of ␥Ј-Cu 9 Al 4 and ␥-Cu 5 Zn 8 observed in Fig. 5(a) are shown in Figs. 6(a) and 6(b), respectively.
III. RESULTS AND DISCUSSION
A. Morphology and phases of IMCs
From the above result, it indicates that there is no Cu-Sn alloy or compounds formed at the interface between Sn-Zn-Al solders and a Cu substrate, which is quite different from the previous reports. 8, [12] [13] [14] [15] On the other hand, the intermetallic phases, Cu 6 Sn 5 and Cu 3 Sn were observed in the most Sn-base solder systems. Figure 7 shows the effect of heating time on the adhesion strength of soldering during heating at 423 K. The adhesion strength between the Cu substrate and the eutectic Sn-Zn-Al solder significantly decreased from 7.6 ± 0.7 to 4.8 ± 0.6 MPa for heating time up to 250 h at 423 K. However, with heating time increased up to 1000 h, the adhesion strength decreased to only 4.4 ± 0.8 MPa. The decreasing rate in adhesion strength leveled off at 423 K for lengthy heating. Figure 8(a) shows the surface morphology of asdipped samples after pull-off testing. The fracture that occurred at two layers of different compositions [as shown in Fig. 8(b) with respect to the left side in Fig. 8(a) ] was Sn and the right side in Fig. 8 (a) dispersed with Cu 5 Zn 8 IMC phases. Figure 8(b) shows the schematic diagram of the fracture plane that occurred after pull-off testing of the as-dipped sample. However, the surface morphology of the sample heated at 423 K for 1000 h was different, as shown in Fig. 8(c) . Although two fracture layers were found, the Cu 5 Zn 8 IMC phases were only a few and dispersed far between. Figure 8(d) shows the schematic diagram of the fracture plane that occurred after pull-off testing in Fig. 8(c) . For heating time at 423 K longer than hundreds of hours, the diffusions of Al and Zn from the Sn-Zn-Al solder to the Cu substrate the IMCs grew continuously. Quite different diffusion rate of elements causes Kirkendall voids which results in a decrease of the adhesion strength. After long heating times, the ␥Ј-Cu 9 Al 4 IMC grew and resulted in forming microcracks, as shown in Fig. 5(a) . Simultaneously, the Zn element also diffused to grow ␥-Cu 5 Zn 8 phases. Hence, more Kirkendall voids connected were formed and resulted in cracks, as shown in Fig. 3(b) , which weakened the bonding at the interface.
B. Surface morphology and adhesion strength
C. Thermodynamic characteristics and diffusivity
From the thermodynamic data by Hultgren et al., [18] [19] [20] the heats of formation and entropies of the related phases are listed in Table I . The free energy change of the reaction was calculated by using Gibbs-Helmholtz equation for temperature of 573 K. The free energies of ␥Ј-Cu 5 Zn 8 are much lower than that of ⑀-Cu 3 Sn and FIG. 6 . The EDS analysis of (a) ␥Ј-Cu 6 Al 4 and (b) ␥-Cu 5 Zn 8 in Fig. 5(a) . The diffusion coefficient D can be expressed as follows:
where D 0 ‫ס‬ frequency factor, Q ‫ס‬ activation energy, R ‫ס‬ gas constant, and T ‫ס‬ absolute temperature. 
